Compounds with moderate and large negative dielectric anisotropy (De) 
Introduction
Liquid crystalline compounds are very useful for many electro-optical devices, but their usefulness depend on their mesomorphic and physical properties. LC compounds with negative dielectric anisotropy and low viscosity are one of the key classes of materials for displays operating in vertical alignment (VA) mode.
The birefringence and viscosity of the LC mixtures affect the switching speed of the LC based devices. Higher birefringence makes it possible to reduce the cell gap and a lower viscosity is always preferable.
The important properties of LC materials, required for electro-optical devices working in VA mode, are a nematic phase in a broad temperature range (from -40 to 110°C), medium birefringence Dn~0.1-0.2), negative dielectric anisotropy (De~-5), low rotational viscosity (g 1 < 100 Pa × s), high thermostability and photostability [1] [2] [3] .
Homeotropic cells, where the average molecular orientation of LC material is almost perpendicular to the substrate of the display, can be obtained. Such cells operating in VA mode exhibit very good contrast and high-speed switching [4] .
Difluorosubstituted bicykloheksylbenzenes and cykloheksylbiphenyles with low or moderate birefringence are one of the best known and commonly used classes of LC compounds with negative dielectric anisotropy. They have Dn in the range of 0.08-0.12.
To speed up the switching of the display by using thinner cells, the compounds with higher birefringence, such as terphenyl derivatives, are desired. Laterally multifluorosubstituted biphenyls or terphenyls seem to be the most convenient candidates for VA mode, due to their lower viscosity in comparison with other aromatic structures having similar values of Dn. Some fluorosubstituted terphenyls have been prepared already, especially with longer terminal chains to obtain tilted smectic C materials [2, 5, 6, 7] .
Effective methods of synthesis of known and some novel compounds from the families of fluorosubstituted biphenyls, terphenyls, quaterphenyls were elaborated, see general formula
were n = 0, 1, 2; R1, R2 = alkyl, alkoxy, perfluoroalkyl or perfluoroalkoxy groups; X = H or F.
We have studied different synthetic routes and the most effective of them will be published in another article. The mesogenic properties, dielectric anisotropy, birefringence and rotational viscosity of the obtained four series of fluorosubstituted derivatives will be discussed and some examples of multicomponent mixtures with low viscosity and negative De will be presented.
Mesomorphic properties
The phase transition temperatures and enthalpies of prepared compounds have been measured using a differential scanning calorimeter (SETARAM 141) at 3°C/min temperature scanning rate. The mesomorphic textures were observed with the polarizing optical microscope. The investigated compounds, their phase transitions (°C) and enthalpies (kJ/mol) are given below in Tables 1-4. The compounds of series 1 (n = 0), see Table 1 , exhibit low melting temperatures, which are decreasing with the lengthening of alkyl and alkoxy terminal chains. Biphenyls of series 1 show monotropic nematic transition (1.4) or virtual nematic phase with the transition below 0°C in the case of 1.2, 1.3, and 1.5. They are very convenient components to decrease a melting point of mixtures consisting of three ring compounds.
Terphenyls of series 1 (n = 1) exhibit a broad range of a nematic phase. The melting temperatures are high for the members with short alkyl-, alkoxy chains (1.6, 1.7). In the case of compounds with long alkyls chains (1.8, 1.9), the melting points are lower, but tilted smectic phases are observed. Compounds of series 2, presented in Table 2 , show a nematic phase in a wide range of temperatures, moderate values of melting points, and melting enthalpy. Therefore such structures are convenient to manufacture nematic mixtures. Only one compound from the prepared set with long alkyl, i.e., alkoxy chains (2.16), exhibits smectic C phase.
Terphenyls from series 3 (Table 3) substituted by four fluorine atoms show monotropic (3.1) or an enantiotropic nematic phase (3.2) and moderate melting temperatures. Introducing an alkoxy group into terphenyl structure leads to increase in clearing point of such compounds.
The addition of one more benzene ring to the terphenyl rigid core (m = 1 or n = 1) increases the melting and clearing points. In the case of quaterphenyl (3.3), a wide range of a nematic phase is observed, but also a smectic C phase appears. The quaterphenyls (3.4-3.8) have the high melting point, clearing temperatures and exhibit a broad nematic phase region (more than 100°C). Exchange of alkyl chains with alkoxy one drastically increases the clearing temperatures (3.8).
Compound of series 4 (Table 4 ) with fluorinated chains shows high or moderate melting temperatures. In the most cases of prepared difluorosubstituted terphenyls with fluorinated terminal alkyl or alkoxy chains on one side and alkyl group on the opposite lateral position, a smectic A phase or a monotropic smectic B phase is observed for short and long chains. Enantiotropic nematic phase has been found only for a compound with CF 3 O-group on both sides of the molecule (4.10). Other compounds with both fluorinated chains are not mesogenic and a virtual nematic phase (4.7, 4.9) was estimated by extrapolation from the nematic solution.
Comparison of mesomorphic properties of terphenyls analogues with alkyls and perfluoroalkyls chains is showed in Fig. 1 . In the case of group of compounds A, containing a fixed terminal propyl chain, introducing of perfluoroalkyl group instead of a methyl group, increases the melting temperatures and produce smectic phases. The change of (CH 3 -) group in the structure with (C 5 H 11 -) on fluorinated chain (case B) gives similar effects, but increase in a melting point is lower. When two terminal alkyl chains are fluorinated (set C), mesogenic properties are cancelled.
The compounds containing perfluoroalkoxy or perfluoroalkyl chains (set D) have lower melting temperatures. The nematic phase is observed only for a structure with a CF 3 O-group in two terminal positions of the molecule. The exchange of CF 3 O-chain by C 3 F 7 -reduces the mesogenic behaviour completely.
Dielectric properties
Dielectric measurements were performed with the aid of an HP4192A impedance analyzer. The thickness of the samples was 0.7 mm. In the nematic phase, the samples were oriented by a magnetic field of 0.8 T (the parallel and perpendicular alignments). The temperature was stabilized within ±0.2 K. All measurements were carried out in the cooling runs only. The complex dielectric permittivity, Table 3 . Phase transition temperatures (°C) and enthalpies (kJ/mol) of 2',3',2",3"-fluorosubstituted terphenyls (m = 0 and n = 0) and quaterphenyls (m = 1 or n = 1) of series 3. e w e w e w * = ¢ -¢¢ ( ) ( ) ( ) i , was measured in the frequency range from 200 Hz to 30 MHz. The spectra collected for the perpendicular oriented samples did not exhibit a relaxation process in the frequency range covered. For the parallel alignment, the relaxation process connected with the molecular rotations around the short axes was observed. This will be the subject of a separate paper. Here the static permittivity (the static dielectric constant e s ) is only discussed. The value e s corresponds to the low frequency plateau of the dispersion ¢ e w ( ) plot. The dependences of the static dielectric constants e s T ( ) and the dielectric anisotropy, De e e = -| | , on the reduced temperature for several compounds are shown in Figs. 2-5. All compounds studied exhibit negative dielectric anisotropy.
Adding two fluorine atoms to the benzene ring results in a considerable increase in both permittivity values and thus, increase in the dielectric anisotropy, see Fig. 2 . Elongation of one alkyl group causes a slight increase in the permittivity values for longer molecule, but the dielectric anisotropy persists unchanged, Fig. 3 . Exchange of the methyl group by the methoxy group causes increase in all dielectric parameters, Fig. 4 . The compound 4.10 having two -OCF 3 groups does not show marked increase in the permittivity values in comparison with the (alkyl -methoxy) homologue 2.15, see Figs. 4 and 5. Perhaps, this is due to fast rotations of the end groups around the C-Ph bonds which cancel out the transversal components of the dipole moments.
Physical properties of multicomponent LC mixtures
We developed a few multicomponent mixtures with negative dielectric anisotropy, moderate birefringence and low viscosity. The compounds listed in Tables 1-4 as a base for the mixture 1742 used in the further developing. To increase birefringence of the mixtures laterally difluorosubstituted biphenyls and difluorosubstituted terphenyls of the presented series were selected. They have fully aromatic structure with negative dielectric anisotropy and exhibit excellent chemical and photochemical stability. The composition and phase transition of basic mixture 1742 is given in Table 5 .
The refractive indices n o , n e measured by the Abbe refractometer using the wavelength of 589 nm and birefrin gence are presented in Fig. 6 . The temperature dependence of the dielectric permittivity is shown in Fig. 7 . The viscosity of that mixture has been determined by a capillary method and is given in Fig. 8 . The mixture 1742 has, at 25°C, the following optical and dielectric characteristics: n o = 1.5100, n e = 1.7395, Dn = 0.2295, e^= 7.480, e || = 4.236, and De = -3.250.
The optical and dielectric anisotropy and viscosity of the prepared new multicomponent mixtures are listed in Tables 6 and 7 .
It can be shown on the base of the mixture 1754 that by adding appropriate compounds with lower polarizability, it is possible to obtain their modifications (1754A and 1761) with a reduced value of optical anisotropy or viscosity, respectively for applications, see Figs. 9 and 10. Those two modifications of the mixture 1754 contain different molar percent of the following dopants with general formulas In Table 7 , there are presented three multicomponent mixtures with low melting temperatures, wide range of the nematic phase, low viscosity, and moderate birefringence. 
Conclusions
Dialkyl, alkyl-alkoxy and dialkoxy substituted compounds show a nematic phase for short and moderate terminal chains while compounds with fluorinated chains are smectogens or do not show mesogenic properties.
The most attractive compounds with De < 0 and moderate Dn are terphenyls difluorosubstituted in the middle benzene ring (series 2). Low melting eutectic mixtures with a broad range of nematic phase, negative dielectric anisotropy, low viscosity and moderate birefringence can be prepared and their optical properties may be easily adjusted by appropriate dopants. 
